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Background and Objective: The application of immunotherapy, especially in terms of recombinant
monoclonal antibodies (mAbs), is a revolution in the pharmaceutical industry field. Glycosylation plays an
essential role in the structures and functions of mAbs, which must be carefully monitored and designed
throughout their entire lifespan to ensure safety and efficacy. This review aimed to summarize the current
status of the glycoengineering of mAbs for providing reference for the pharmaceutical industry. The
application of glycoengineering of mAbs in cancer therapy will also be discussed in this article.

Methods: We searched the PubMed/MEDLINE database to identify studies published between 1970 and
2023 that investigated glycoengineering of recombinant mAbs and its applications. The major findings of
these studies were summarized.

Key Content and Findings: This article reviews the relationship between glycosylation profiles and
antibody-dependent cell-mediated cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC),
shelf-life, and other properties of mAbs. Furthermore, the rational design of glycosylation profiles provides
solutions to the unmet needs of new drug development and biosimilar manufacturers. This review also
emphatically describes various feasible strategies to optimize the glycosylation pattern in biomanufacturing
reported in recent years, especially the approaches of combinatory glycoengineering explored in this field.
Finally, we share examples of glycoengineering of mAbs applied in cancer therapy.

Conclusions: Glycan modifications have been achieved through genetic and metabolic glycoengineering.
A better understanding of the interplay between cells and the exogenous environment help the combinatorial
strategy for glycoengineering in precise control mode. Furthermore, new high-tech approaches for

glycoengineering are leading biological engineering and biotherapeutics to a new stage.
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Introduction States, the European Union, and China had been approved

At present, the widespread application of single monoclonal or in the stage of regulatory review, including those drugs

antibodies (mAbs) drugs offers both tremendous potential that had been approved but subsequently withdrawn from
and challenges to the modern pharmaceutical industry. As of the market (1,2), mainly for use in oncology, immune-

2022, a total of 131 antibody treatment drugs in the United mediated disorders, and infectious diseases (Figure I).
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Figure 1 Application aspects of m monoclonal antibodies.

Especially in response to the coronavirus disease 2019
(COVID-19) pandemic, seven antibody products have been
granted approvals or emergency use authorizations (3). The
robust pipelines of the mAbs industry are recognized for
their high efficacy, precise targeting, and low side effects.
In contrast to small-molecule drugs, the characterization
and evaluation of mAb drugs are much more exhaustive and
require a comprehensive understanding of the thorough
process. For instance, the central dogma that has been
the primary guidance in biochemistry research is not
the sole fundamental paradigm when it comes to mAb
development. Instead, mounting interests are focused on
the genetic regulation of expression and post-translational
modifications (PTMs). The folding accuracy, solubility,
stability, signaling, and affinity are principally related to
the glycosylation occurring in the fragment crystallizable
(Fc) region of antibodies. The glycan profile is critical
for the bioactivity of mAbs, leading to significant efforts
devoted to researching the glycobiology and glycosylation
patterns, especially for emerging biosimilar drugs. A better
understanding of the glycosylation in mAbs can benefit the
entire field of mAb therapeutics.

Glycosylation

Glycosylation is the process by which carbohydrates are
site-specifically transferred to another molecule, catalyzed
by various glycosyltransferases. Over the last decades, there
has been an abundance of research on the glycosylation of
biotechnological production for therapeutic use, particularly
natural products, antibiotics, and other small molecules.
In mammalian cells, the glycosylation patterns are unique
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among species, with a high extent of macro- and micro-
heterogeneity. There are 3 major types of carbohydrates
in mammalian cells: N-linked glycans, O-linked glycans,
and glycolipids (4). N-linked glycans are linked to
specific asparagine sites covalently. Their biosynthetic
pathway involves 2 stages in the endoplasmic reticulum
(ER) and the Golgi separately. O-linked glycosylation
involves monosaccharides or oligosaccharides attaching
to the hydroxyl group of serine, threonine, and tyrosine.
Glycolipids represent a usually overlooked but essential
group of glycoconjugate. The structure of glycolipids is as
diverse as the types of lipid moieties. Among those types of
glycosylation, N-linked glycosylation plays the most crucial
and complex role in PTM. Its heterogeneity serves as an
essential factor for mAbs quality assessment. Consequently,
numerous studies have been reported on the modification
of N-linked glycans (i.e., glycoengineering). These
modification methods fall into two categories: genetic
glycoengineering (GGE) and metabolic glycoengineering
(MGE) (5). N-linked glycans can be broadly classified into
3 general structures: mannose (or oligomannosidic type),
complex, and hybrid (Figure 2). Mannose-type glycans are
characterized by their mannose-rich composition. Typically,
they consist of a core structure with multiple mannose
residues extending from it, lacking the more varied
modifications seen in complex and hybrid types. Complex-
type glycans are more structurally diversified than mannose-
type glycans. They have a core structure and can have
additional N-Acetylglucosamine (GIcNAc), galactose, sialic
acid, and fucose residues branching out. Generally, they
possess branched antennae with terminal modifications,
such as sialylation or fucosylation. Hybrid-type glycans are
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intermediates between the mannose- and complex-type
structures. They have 1 or more antennae that resemble
complex-type structures (with possible modifications such
as sialylation or fucosylation), whereas other antennae
resemble the mannose type. Each type of glycans has
unique biological implications, and the presence or
predominance of one over the others can influence protein
folding, stability, and interactions with other molecules in
the cellular environment (6).

Glycoengineering

Glycans in mammalian cells are primarily composed of
12 natural building blocks. They are monosaccharides
including D-glucuronic acid (GlcA), D-iduronic acid
(IdoA), fucose (Fuc), glucose (Gluc), GlcNAc, galactose
(Gal), N-Acetylegalactosamine (GalNAc), mannose (Man),
N-acetylmannosamine (ManNAc), N-acetylneuraminic
acid (NeuAc), N-glycolylneuraminic acid (NeuGc), and
xylose (Xyl), which can be derived from the corresponding
dolichol-linked donors or activated donor sugar
nucleotides (7). The diversity and complexity of Asn297
in the mAbs Fc region impact the solubility, stability,
folding accuracy, and biological activity of the mAbs,
especially the number of glycosyl, the number of possible
bonds, and the structure of the glycan (8-14). Also, non-
human sugars or linkages from Chinese hamster ovary
(CHO) cells can cause immunogenicity problems (15). In
addition to the chemoenzymatic glycoengineering of the
therapeutic antibody (16,17), metabolic glycoengineering
as an alternative method to improve the target molecular
attribute has also been developed rapidly.

With the increasing interest in the biotechnological
production of mAbs, the application of glycoengineering
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strategies extends from modifying small molecules (such
as antibiotics) to engineer mAbs. For example, our
previous works on glycosylation have shown its promise
in increasing the water solubility of organic molecules
(18,19). Another glycosylation study has demonstrated
that it could enormously affect bioactivities as well when
the transformation of a glycoside of natural products or
antibiotics happens (20). Furthermore, adding nutrients
or small molecules in supplemental media can alter the
performance of cells and then influence protein attributes
and activities (21). When those successful glycoengineering
strategies in other expression systems are applied to
mammalian cells, similar results are expected to be observed
for the alternation of glycosylation. On account of the large
molecular weight and complex configuration of mAbs, these
macromolecules usually inevitably come with the issues of
aggregation, unstable solubility, deficient biological activity,
or side effects. Appropriate addition or modification by
glycans on the corresponding amino acid residues can
significantly improve the quality of mAbs (22). Since the
process of glycans biosynthesis is not template driven, but
rather in a sequential mode involving the interaction among
various glycosyltransferases and glycosidases, traditional
GGE may not perform as effectively as metabolic
glycoengineering in specific applications. Supplement of
native or artificial sugar analog or other substrates facilities
the results of glycoengineering and has promoted an
increasing number of promising studies.

This article reviews the recent remarkable progress in
metabolic glycoengineering on different types of mAb
glycosylation. We demonstrate different glycan profiles
individually by mannosylation, fucosylation, galactosylation,
and sialylation. We also emphatically describe various
feasible strategies to optimize the glycosylation pattern
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Table 1 The search strategy summary
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ltems Specification

Date of search

Databases and other sources searched
Search terms used

Timeframe 1979-2023

Inclusion and exclusion criteria

PubMed/MEDLINE

10 Dec 2021-20 Sep 2023

“Monoclonal antibody” AND “Glycoengineering” OR “Combinatory engineering”

Inclusion criteria: without predefined restriction as to the study type

Exclusion criteria: restricted to articles published in English

Selection process
by two authors

Three authors independently screened data sources. Data analysis was conducted

in the biomanufacturing industry. Further, we aimed
to help readers to better understand the applications of
glycoengineering of mAbs by presenting some examples
in cancer therapy. Finally, we share our thoughts and
anticipations on metabolic glycoengineering of mAbs. We
present this article in accordance with the Narrative Review
reporting checklist (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-23-1371/rc).

Methods

A literature search was conducted in PubMed and
MEDLINE databases with the keywords “Monoclonal
antibody” AND “Glycoengineering” OR “Combinatory
engineering”. The secondary references cited in articles
obtained from PubMed and MEDLINE were also retrieved.
We only considered research articles written in English, but
without predefined restriction as to the study type. Data
sources were independently screened by three authors. Data
analysis was conducted by two authors. The search strategy
is summarized in Table 1.

Glycan profiles and glycoengineering

Fucose, sialic acid, galactose, and mannose are the most
noticeable among the various sugar moieties in relation to
controlling the glycosylation profiles for biopharmaceutical
production.

Mannosylation

Mannose can affect mAb folding and stability by avoiding
further modification of the Golgi (23). Among the
N-glycans with different numbers of mannose, such

as Man5GlcNAc2, Man6GlcNAc2, Man7GIcNAc2,
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Man8GIlcNAc2, Man9GIcNAc2, and Gle3Man9GIcNAc2,
mAbs show structures with different pharmacokinetics and
characteristics. High mannose glycans (Man5-9GlcNAc2)
are characterized by 5-9 terminal mannose residues attached
to the GlcNAc2 core (24). Man9GIlcNAc2 is generated
with the removal of the terminal Glcal-2 and Glcol-3
residues. There are 3 possible isomers of Man8GIcNAc2,
4 possible isomers of Man7GIcNAc2, 3 possible isomers of
Man6GlcNAc2, and only 1 Man5GlcNAc2 isomer can be
formed in the biosynthetic pathways (Figure 3) (25). These
glycoforms are not predominant (usually less than 5% of
the total profiles in most manufactured mAbs) but play a
significant role in in vivo therapeutic activity (26,27).

It is reported that the serum clearance of mAbs with high
mannose N-glycans is higher than that of the normal ones
(8,12,27,28), but this is not always the case (29). Mannose
residues can be recognized by mannose receptors on the
surface of various cells, including liver cells and dendritic
cells, leading to rapid endocytosis and degradation of
the antibody. Thus, high mannose content can decrease
the serum half-life of the antibody (30,31). Meanwhile,
mAbs with high mannose N-glycans are easier to bind to
FeyRIIIa, which results in higher antibody-dependent cell-
mediated cytotoxicity (ADCC) activity. Of course, this
enhancement in ADCC activity is also related to the lack
of core fucosylation. As per the results of Kanda ez 4/., in
terms of ADCC, the order of three different N-linked
Fc oligosaccharides from low to high is hybrid, complex,
and high-mannose (6). However, regarding complement-
dependent cytotoxic (CDC) activity, the complex is
more active than the high-mannose type (6). Hence,
mannosylation is an essential critical quality attribute (CQA)
in the mAb biomanufacturing industry.

For instance, the level of high-mannose type increased,
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which led to a significant decrease in the half-life of
antibody serum (32). Also, mannosylation is related to
the concentration of Mn’* and ammonia. When the
concentration of Mn™" in the culture medium is 16 mmol/L,
the level of mannosylation of mAb could reach 32%
compared to 5% at 1 nM Mn’* (21). An increase of
ammonia concentration will also change the mannosylation
of mAb, which will lead to a decrease in galactosylation
and sialylation levels, whereas the level of mannosylation
glycosylation will increase on the contrary (33,34).

Genetic engineering has also been conducted for
mannosylation regulation. Golgi N-acetylglucosaminyltransferase
I (GnT-]) is an essential enzyme involved in the biosynthesis
of N-linked glycans, which specifically transfers a GIcNAc
residue from uridine diphosphate GIcNAc (UDP-GIcNAc)
in B-1,2-linkage to the acceptor substrate to produce
GlcNAcMan5GIeNAc2. This action then initiates the
subsequent reaction of varied modifications seen in complex

© Translational Cancer Research. All rights reserved.
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and hybrid types with other biosynthetic enzymes. The
absence of GnT-I leads entirely to the oligomannosidic
type. Thus, the levels of high mannose would be increased
by knocking down or knocking out the GnT-I gene. Lecl
CHO mutant cell lines are commonly studied due to the
defect of GnT-I (35-37). The Lecl CHO mutant cell line
can synthesize only oligomannose-type N-glycans. Although
high mannose from Man5 to Man9 can be observed in Lecl
cells, the applications in the industry are limited (37,38).
Various genetic tools have been used to construct new
cell lines in recent years. Sealover er a/. designed cell lines
that produce recombinant proteins predominantly bearing
Man5 glycans via zinc-finger nuclease (ZFN) genome
editing technology (39). A total of 5 clones were generated,
demonstrating comparable growth and productivity to
the wild-type CHO-K1 host cell line (39). Lee et al.
successfully integrated targeted genes into site-specific
loci in CHO through the clustered regularly interspaced
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short palindromic repeats/CRISPR-associated protein
9 (CRISPR/Cas9) tool (40). Subsequently, Zhang et al.
successfully used the CRISPR/Cas9 system to establish
GnT-I knockout (KO) cells in 2018 (41).

Fucosylation/afucosylation

Fucose is a prevalent modification of the complex type
N-glycans in mammalian cells. When a fucose is added
to the chain, the oligosaccharide chain will not be further
elongated. In the CHO cells, a-1,6-fucosyltransferase
(FUTS) protein adds a fucose residue exclusively to the
innermost Asn-linked GIcNAc group, which is named
core fucosylation. The presence or absence of fucose
residues mainly affects the effector functions of antibodies,
especially the ADCC (6). There is solid evidence that core
fucosylation heavily influences immunoglobulin G (IgG)
binding to Fey receptors. Core fucosylation can inhibit IgG
binding to FcyRIIla and decrease ADCC (6). Meanwhile,
FcyRllIa is a vital receptor related to antibody-dependent
cell-mediated phagocytosis (ADCP) activity, which is also
affected by fucosylation (15). In contrast, defucosylation of
mAbs can increase ADCC activity obviously (42-44). So,
fucosylation mainly influences antibody interactions with
immune effector cells and ADCC activity.

Unfortunately, about 90% of the Fc oligosaccharide
chain of IgG produced by CHO cells contains core
fucosylation. To address this, the glycoengineering strategies
primarily rely on optimization of culture conditions,
generation of knockouts with genetic approaches, and
expression of remodeling enzymes with metabolic
approaches. For instance, RNA interference was involved
against FUTS gene expression to reduce fucosylation (42).
At the beginning of the 2000s, studies found that ADCC
activity of rituximab, trastuzumab, and pertuzumab can
be increased up to 2-fold by defucosylation (43). Based
on this understanding, Yamane-Ohnuki et #/. invented the
Potelligent® technology to produce mAbs without core
fucosylation by knocking out the FUTS$ gene of CHO
cells (44). Non-fucosylated therapeutic antibodies showed
more potent efficacy than fucosylated ones in virro and
in vivo and are also less likely to be immunogenic. Therefore,
Mori et al. named non-fucosylated therapeutic antibodies
the next generation of therapeutic antibodies in 2007 (42).
von Horsten e /. produced non-fucosylated antibodies
by co-expression of heterologous GDP-6-deoxy-D-lyxo-
4-hexulose reductase (RMD) in 2010 (45). In 2017, Zong
et al. produced defucosylated antibodies with enhanced
in vitro ADCC via FUTS8 knockout CHO-S cells (46). In
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addition, Yuan er al. reported a stable cell line expressing
defucosylated anti-human epidermal growth factor receptor
2 (anti-HER2) antibody based on an established FUT$
gene knockout CHO-S cell line. The ADCC activity of the
defucosylated antibody increased 14-fold compared to the
wild-type antibody in 2019 (47). That same year, Chang ez al.
managed to precisely fine-tune the levels of fucosylation
(0-95%) and galactosylation (0-87%) through simultaneous
and independent induction with doxycycline and abscisic
acid (ABA) by expressing synthetic versions of FUTS and
B4GALTT under a constitutive and inducible promoter (48).
To develop an antibody-drug conjugate (ADC), the fucose-
replacing analog 6-thiofucose can introduce thiol moieties
into 70% of IgG heavy chains with 90% conjugation
efficiency to small molecule drugs (49).

Other approaches have also been applied to modulate fucosylation.
Overexpression of B-(1,4)-N-acetylglucosaminyltransferase
III (GnT-III) enzyme produces antibodies enriched in
bisecting oligosaccharides. Overexpression of the GnT-1I1
gene in a CHO cell line produces an anti-neuroblastoma
IgGl1 results in enhanced ADCC activity because bisecting
GleNAc hinders fucosylation process (50,51). Overexpressing
the GnT-1II gene in another CHO cell line producing an
anti-CD-20 antibody results in the same ADCC activity
but requires a dosage that is 20 times lower (52). Moreover,
coexpression of alpha-mannosidase II (Man II) and GnT-1II
leads to a higher proportion of the bisected non-fucosylated
complex-rich glycoprofile (50). Both hybrid-rich and
complex-rich glycovariants exhibit emphatically expanded
ADCC activity compared to the wild-type, but the former
demonstrated a CDC diminishing effect (53). The impact
of bisecting GlcNAc of IgG1 on ADCC is less than that of
the afucosylated one, implying that afucosylation may be
the critical factor in the ADCC enhancement (14,52).

Other metabolic glycoengineering approaches primarily
target the two biosynthetic pathways of GDP-fucose: de novo
and salvage pathways (Figure 4). Notably, three genes,
FUTS8, GDP-mannose 4,6-dehydratase (GMD), and GDP-
fucose transporter (GFT), are the most important targets
in fucosylation (54-56). However, the knockdown or
knockout of a single gene fails to completely defucosylate
the products (57). Although several mutagenetic and
small interfering RNA (siRNA) studies have been
conducted, afucosylation has never been fully accomplished
(37,45,55,57-60). Moreover, the off-target effects and
inconsistency of final product quality have hampered its
widespread use in the industry. Hence, alternative solutions
without disrupting the FUTS genes are being developed.
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de novo pathway is blocked, the salvage pathway becomes
the major route, and L-fucose is the substrate needed for
the whole synthesis. Louie ez 4/. knocked out the GDP-4-
keto-6-deoxymannose-3,5-epimerase-4-reductase (GMER)
protein and used L-fucose to control the fucosylation level
by titration (58). In that way, Louie et 4/. achieved the
desired ratio of fucosylation without influencing the quality
features of final products (58). Other methods involving
the supplementation of chemicals in the culture medium
have also been explored, such as adding the chemical
inhibitor 2-deoxy-2-fluoro-L-fucos (61). Supplementation
of D-arabinose has been shown to reduce high-mannose
N-glycans and provide almost full replacement of
fucosylation with arabinosylation (62). Fucosylation/
afucosylation can be achieved or finely tuned by various
metabolic engineering tools. Selecting the appropriate
methods that ensure the quality of products and are feasible
for industrial manufacturing are the major factors to be
considered in the future.

© Translational Cancer Research. All rights reserved.

Terminal sugars affect the attributes of antibodies such
as stability, serum half-life, and bioactivities. Increased
terminal galactosylation can increase CDC (63,64). The
ADCC activity is barely influenced by galactosylation (65).
Galactosylation levels are also associated to some autoimmune
diseases, for instance, the severity of rheumatoid arthritis
is inversely correlated with the galactosylation level (66).
Galactosylation of IgG is essential for binding to FcyRIIla.
The affinity is enhanced with a high extent of glycosylation,
especially under afucosylation conditions (67). High levels
of galactosylation prevent autoantibodies from engaging the
FeyRs, whereas low levels reduce the overall binding affinity
to FcyRIII. This reduction lowers the tolerance for FcyR
activation and facilitates immune activation by allowing
easier access for pathogenic autoantibodies (67).

The IgG Fc region contains biantennary complex
oligosaccharides with 0 (G0), 1 (G1), or 2 (G2) terminal
galactose moieties (Figure 5). Since galactosylation levels
can affect antibody properties and effector functions,

Transl Cancer Res 2024;13(2):1150-1165 | https://dx.doi.org/10.21037/ter-23-1371
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proper control of galactosylation to optimize antibody
performance is warranted during manufacturing. Several
approaches in GGE have been targeted for the management
of galactosylation levels. The predominant glycoforms
vary significantly according to different cell lines, medium,
and bioprocessing condition (68,69). Overexpression
of B-(1,4)-galactosyltransferase in CHO cells enhances
galactosylation and sialylation. Notably, sialylation usually
positively correlates to the galactosylation level (70,71). A
study showed that disruption of 2 a-2,3 sialyltransferases
(8T3Gal4 and ST4Gal6) from CHO cells produced an
IgG containing 80% bigalactosylated and fucosylated
glycoforms (72). A knockout of the 3 genes FUTS, ST3Gal4,
and ST3Gal6 lowered the galactosylation glycoprofile to
65% bigalactosylated G2 glycans. Nevertheless, 4-residue
mutations of IgG (F241A, F243A, V262E, and V264E) in
the triple gene knockout cells restored the G2 glycan profile
to 75% (72,73).

For medium supplementation, the feeding bundle
comprising uridine, manganese chloride, and galactose
can elevate the level of antibody galactosylation more
than individual additions. The precise control of
titration can modulate the galactosylation level (74,75).
Introducing D-Galactose can progressively augment
galactosylation, a process that can be further increased
by co-transfection of galactosyl transferases. In contrast,
galactose analog 2-deoxy-2-fluoro-D-galactose 2FG)
served as a novel and specific blocker of galactosylation
to reduce the level (75).

Sialylation

The last but not least key component of glycosylation is
sialic acids, also known as neuraminic acids. Sialic acids
belong to the a-keto acid family with a 9 carbon backbone.
Among over 50 different natural variants and more and

© Translational Cancer Research. All rights reserved.

more synthetic analogs in this family, N-Acetylneuraminic
acid (Neu5Ac, NANA), and N-Glycolylneuraminic acid
(Neu5Ge, NGNA) are the major sialic acid in mammals.
The predominant sialic acid type in humans is Neu5Ac.
The expression level of Neu5Ge in mAbs from CHO cells
is much lower than it that from the SP2/0 or NSO cell lines
(76-78). An increase in Neu5Ge content can induce anti-
Neu5Gce antibody in vive; therefore, close monitoring of
Neu5Ge is essential in biopharmaceutical production.
Meanwhile, evidence suggests that the linkage of Neu5Ac
and galactose via a(2,3)-, o(2,6)- sialyltransferases plays a
role in numerous biological functions, including immune
responses, cancer metastasis, bioactivity, and stability
(79,80). As early as the 1970s, there was evidence that the
degree of Fc sialylation significantly affected glycoprotein’s
pharmacokinetics. Research indicates that the terminal sialic
acid residue can prolong the serum half-life of recombinant
glycoproteins iz vivo (9). In addition, the higher the sialic
acid content, the lower the affinity between IgG and Fc
receptors, resulting in a decrease in ADCC activity (81). So,
sialylation can delay half-life of mAbs and decrease ADCC
activity of mAbs simultaneously.

To overcome the difference in sialylation between
the mAbs from human and CHO cells, “humanizing”
through genetic and metabolic “glycoengineering”
approaches is engaged to improve therapeutics. Weikert
et al. overexpressed a(2,6)-sialyltransferase in CHO
cells to maximize the sialic acid content of recombinant
glycoproteins in 1999 (82). In 2015, Raymond ez al.
presented a method for the efficient Fc glycan a(2,6)-
sialylation of wild-type and an F243A IgG1 mutant
by transient co-expression with the human o(2,6)-
sialyltransferase 1 (S76) and B(1,4)-galactosyltransferase
1 (GT) in CHO cells. Overexpression of both GT and
ST6 was necessary to achieve a glycoprofile dominated
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Figure 6 A graph abstract of how theoretical predictions guide glycoengineering and result in the engineered mAbs used for cancer therapy.

mAbs, monoclonal antibodies.

by a2,6-sialylated glycans in both antibodies (71). After
that, Dekkers et al. described a general method to produce
recombinant proteins of any desired glycoform in eukaryotic
cells. They used decoy substrates to decrease fucosylation
or galactosylation. Subsequently, transient overexpression
of enzymes and in vitro sialylation were combined to
enhance galactosylation and sialylation (75). Costa ez al.
found that when the glucose concentration in the CHO
cell culture medium was too low (below 0.1 mmol/L),
the sialylation level of antibody diminished (32). Another
example is that stable expression of the B4GALTI,
ST3GAL4, and ST6GALI genes in safe harbor sites
produced monoantennary homogeneous IgG N-glycans
with complete a-2,6-linked sialic acid capping (83). Instead
of expressing glycosyltransferase, another attempt was
the expression of the tetracycline-regulated GnT-III gene
resulting IgG oligosaccharides with bisecting GlcNAc to
optimize ADCC (51).

Combinatory glycoengineering

Most glycoengineering endeavors have historically
separated genetic and metabolic engineering, largely based
on an assumption that cells remain largely unaffected when
fed with exogenous sugars. However, recent studies have
demonstrated that both monosaccharide analogs and even
natural sugars could alter the transcription and expression

levels of glycosylation-related genes (81,84,85). The

© Translational Cancer Research. All rights reserved.

capacity of MGE analogs has been shown to control gene
expression, affecting broader cellular processes and even
cell differentiation (86,87). Such findings implied that the
interaction between genetic and metabolic engineering
should not be neglected in future strategies. However,
conversely, the combinatorial strategy integrating both
approaches can provide precise tuning of glycoprofiles.
An example is the precise fine-tuning of glycoprofiles by
genetic engineering of FUTS and B4GALT1 and feeding with
doxycycline and ABA to control the expression level (48).
Also, small molecule inhibitors’ high-cost-effectiveness
and simple operation are involved in combinatory
glycoengineering. Take kifunensine as an example; it,
being an alkaloid, can inhibit a-mannosidase I resulting
in the accumulation of high mannose glycoproteins (88).
Meanwhile, small molecule fucosylation inhibitors (89),
small molecule galactosyltransferase inhibitors (90), and
small molecule sialyltransferase inhibitors are applied for
targeting modification of the mAbs glycosylation (91).
The combination of protein glycoengineering focusing
on the scaffold of antibody with rational mutations is
another feasible direction (72,73). Organic and enzymatic
synthesis can illustrate the structure-property relationships
of representative model glycoproteins. At the same
time, theoretical predictions derived from the high-
level understanding of protein glycosylation can then be
applied to guide protein glycoengineering efforts (Figure 6)

(92,93). Combinatorial approaches can increase the
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practical applicability and the success rate of protein
glycoengineering. In addition, “cell-factory” methods are
also considered as quick tools to obtain designed glycoforms
on a large-scale. It is expected that such a combinatorial
strategy would greatly facilitate the advancement of
glycoengineering in the future.

Applications of glycoengineering of mAbs in cancer
therapy

Initially, research on the application of mAbs in cancer
therapy focused on rituximab (Rituxan®), an approved mAb
for treatment of non-Hodgkin lymphoma and other B-cell
related diseases (94). Research showed that the terminal
galactose residue of rituximab has a great influence on
its CDC activity (95). Following that, numerous studies
were aimed at improving ADCC or CDC via specific
glycosylation through glycolengineering in the production
system. For instance, Suzuki ez 4/. revealed that fucose-
negative antibodies could improve the therapeutic effects of
anti-HER? therapy for patients (96). Zhou er 4l. developed
a rapid method for producing afucosylated oligomannose
antibodies in order to increase ADCC (97). Yu et al.
generated numbers of mAbs with high mannose glycoform,
resulting in a faster clearance rate (27). Another study found
that mAbs with low fucose and high galactose contents
exhibited higher ADCC (98). Both obinutuzumab (Gazyva®)
and mogamulizumab (Poteligeo®) were developed by
glycoengineered cell lines to reduce fucosylation by genetic
manipulation of glycan biosynthesis method (88). By
enhancing afucosylation to enhance its binding to FcyRIIIA,
a glycoengineered humanized anti-epidermal growth factor
receptor (EGFR) antibody demonstrated enhanced ADCC
and superior iz vivo efficacy compared to cetuximab (99).
Lumretuzumab, a glycoengineered humanized antibody,
showed that it enhanced ADCC and increased activation
potential of peripheral natural killer (NK) lymphocytes,
compared with a non-glycoengineered anti-HER3
antibody (100). Furthermore, an afucosylated humanized
B-cell activating factor receptor (BAFF-R) antibody with
broad activity against human B-cell tumor was generated
in 2023 (101). Meanwhile, several other glycoengineered
antibodies targeting GD3, CCR4, CD20, CD30, CD52,
CD8, or IL5R sites are currently being investigated under
clinical trials for cancer, inflammation, or leukemia-
lymphoma (102-104). Recently, glycoengineering has not
only made contributions to specific glycosylation in order
to optimize the ADCC and CDC of mAbs, but is also being

© Translational Cancer Research. All rights reserved.
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applied to modify the glycosylation of mAbs to improve
its specificity to target sites. MAbs targeting glycosylation
have already been developed in clinical trials. Programmed
cell death-1 (PD-1) and programmed cell death-ligand 1
(PD-L1) have multiple glycosylation possibilities which
can affect their efficacy significantly. In detail, glycosylation
affects PD-L1/PD-1 interaction and immunosuppressive
functions (105). In addition, glycosylation of PD-
L1 blocks glycogen synthase kinase 3p (GSK3p) from
phosphorylating and mediating PD-L1 degradation,
leading to the suppression of cytotoxic T cell activity (106).
Therefore, studies on glycosylation regulation of PD-
L1 can help to identify biomarkers and develop treatment
strategies for clinic practice. For example, N58-glycan
is one N-glycosylation among them. Researchers have
found that one engineered mAb targeting the PD-1 Asn58
glycosylation can block the binding between PD-1 and
PD-L1/L2 thereby inhibiting tumor growth iz vive trial
effectively (107). That finding is not coming singly but in
pairs, a new mAb, STM418, specifically targeting the PD-1
Asn58 glycosylation site shows a higher binding affinity
for PD-1 than those approved PD-1 antibodies (108). Lu
et al. revealed that both the binding and blocking efficacy
of cemiplimab require the PD-1 Asn58 N-glycosylation
for immune checkpoint therapy (109). Meanwhile, an
mAb targeting glycosylated PD-L1 (gPD-L1), which
can block PD-L1/PD-1 interaction and so on promotes
PD-L1 internalization and degradation, emphasizing
the potential of glycoengineering of PD-L1 mAb (105).
It has been reported that enhancing PD-L1 antibody
binding affinity and signal intensity by removing N-Linked
glycosylation leads to a more accurate PD-L1 quantification
and prediction of clinical outcome (110). These findings
demonstrate to researchers the significance of PD-1
glycosylation. Targeting glycoengineering may serve as a
potential strategy to improve immunotherapy response and
enhance immune checkpoint therapy.

Conclusions

Glycosylation is a CQA that influences many aspects
of mAbs, such as the efficacy, serum half-life, clearance
rate, and safety of pharmacotherapeutics. Over the past
3 decades, controlling and tuning mAb glycosylation became
a vital goal for both academic and industrial researchers.
To reach this goal, it is crucial to fully understand the
underlying biology of glycosylation and utilize handy tools
for continuous improvement of the glycosylation research
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process. Glycan modifications have been achieved through
genetic and metabolic glycoengineering. It is expected
that the generation of homogenous glycoprofiles along
with defined glycan structures will be an increasingly
important quality attribute in the recombinant glycoprotein
production process. A better understanding of the interplay
between cells and the exogenous environment can aid the
combinatorial strategy for glycoengineering in precise
control mode. Moreover, there will likely be a significant
demand for rapid glycan detection and specific tools.
Methods that facilitate glycoproteomic analysis quickly and
in high-throughput mode will become increasingly common
in glycotechnology. Also, the data analysis, including the
model building, prediction, kinetic and stoichiometric
methodologies, and metabolic flux analysis, will assist
biotechnologists in modifying and designing glycosylation
at a new level. We anticipate that the ultimate goal will be
to develop a platform of producing therapeutic agents with
precisely controlled and customized glycan profiles that
specifically match the need for desired activities. These
approaches and strategies for modification in both cellular
and biological systems will herald a new stage of biological
engineering, leading to the design of better and safer
biotherapeutics.
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